The possible mechanism behind the variability in the dipole pattern of boreal winter precipitation over East Asia is analyzed in this study. The results show that the SST anomalies (SSTAs) over the South Pacific Ocean (SPO) in boreal autumn are closely related to the variability in the dipole pattern of boreal winter precipitation over East Asia. The physical link between the boreal autumn SPO SSTAs and the boreal winter East Asian precipitation dipole pattern is shown to mainly be the seasonal persistence of the SPO SSTAs themselves. The seasonal persistence of the SPO SSTAs can memorize and transport the signal of the boreal autumn SSTAs to the following winter, and then stimulates a meridional teleconnection pattern from the SH to the NH, resulting in a meridional dipole pattern of atmospheric circulation over East Asia in boreal winter. As a major influencing factor, this dipole pattern of the atmospheric circulation can finally lead to the anomalous precipitation dipole pattern over East Asia in boreal winter. These observed physical processes are further confirmed in this study through numerical simulation. The evidence from this study, showing the impact of the SPO SSTAs in boreal autumn, not only deepens our understanding of the variability in East Asian boreal winter precipitation, but also provides a potentially useful predictor for precipitation in the region.
Introduction
East Asia is a region with a high density of arable agriculture and a large human population. Anomalous precipitation in boreal winter, accompanied by intense snowfall and freezing events, can result in severe disasters in the region. Some studies have shown that, recently, boreal winter precipitation in East Asia has increased, and extreme precipitation is occurring more frequently (Sun et al., 2009a (Sun et al., , 2010 Sun and Ao, 2013; Wang and He, 2013; Sun, 2015a, 2015b) ; and in terms of the future, the IPCC AR5 projection shows increasing winter precipitation in East Asia, with relatively larger magnitude over northern East Asia (Collins et al., 2013) . These results indicate that the impact of boreal winter precipitation is enhancing, and will continue to do so. Thus, exploring the factors that influence boreal winter precipitation, and improving our ability to predict it, are both highly relevant research topics.
In previous research, a number of factors that impact upon the variability of boreal winter precipitation over East Asia have been revealed. For example, dominant atmospheric * Corresponding author: Jianqi SUN Email: sunjq@mail.iap.ac.cn circulation modes, such as the East Asian jet stream (Yang et al., 2002) , East Asian boreal winter monsoon (Zhou and Wu, 2010) , and North Pacific oscillation (Wang et al., 2011) , can produce anomalous boreal winter precipitation over East Asia. Snow cover is also considered a vital factor influencing boreal winter atmospheric circulation and precipitationrevealed by both observation analyses and numerical simulations Entekhabi, 1999, 2001; Cohen et al., 2002 Cohen et al., , 2007 Cohen et al., , 2014 Gong et al., 2002; . A number of relatively recent studies have shown that the impact of sea ice on boreal winter precipitation has become significant in recent years (Liu et al., 2012; Ma et al., 2012, Li and . In addition, variations in SST anomaly (SSTA) patterns, owing to their persistence and active role in air-sea interactions, have been highlighted as a key factor in diagnosing and predicting the variability in East Asian boreal winter precipitation (Bueh and Ji, 1999; Jin and Tao, 1999; Li and Bates, 2007; Feng et al., 2010; Wang and He, 2012; He et al., 2013; Zhang et al., 2014) .
However, most previous studies focused on the impact of SSTA modes over the tropics and NH; for example, ENSO, Atlantic multi-decadal oscillation, and western Pacific SSTAs. A recent study found that a tripole SSTA pattern existing in the South Pacific Ocean (SPO) during boreal winter could affect precipitation during the following spring over East China (Li et al., 2014) . The result motivates us to ask whether SSTA patterns over the SPO, in particular during the preceding season, influence precipitation patterns over East Asia during boreal winter.
Therefore, this work focuses on the connection between boreal autumn SSTAs and boreal winter precipitation over East Asia, and the possible physical mechanisms involved in the connection. In addressing these issues, the intention is to deepen our understanding of boreal winter precipitation variability and improve its predictability.
Data and methods
Monthly precipitation data over East Asia on a 2.5 • ×2.5 • grid were obtained from the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003) . Before the analysis, the data were transformed into boreal winter (DecemberFebruary; DJF) average precipitation. The monthly atmospheric circulation reanalysis datasets on a 2.5 • × 2.5 • grid were provided by the NCEP-NCAR (Kalnay et al., 1996) . The monthly Extended Reconstructed Sea Surface Temperature (ERSST v3b) dataset, on a 2 • × 2 • grid, was acquired from the NOAA ESRL (Smith and Reynolds, 2003) . The OLR data, also obtained from NOAA ESRL, are used to infer tropical convection. The OLR data are available from June 1974, with a missing period between March and December 1978.
According to the period of precipitation data and quality of the reanalysis data over the SH, the analysis period was confined to 1979-2010 in this study. To investigate the influences of the preceding boreal autumn SSTAs, numerical simulations were performed with CAM5, which is the atmospheric component of CESM1 0 5. The "F 2000" component set was selected for CESM1 0 5, which used a prescribed climatology for SST and sea ice and an active land model (CLM), coupled with CAM5. The atmospheric composition was kept constant, at year 2000 values; that is, the CO 2 concentration was at a constant 367.0 ppm during the simulations. The simulations used a 1.9 • (lat) ×2.5 • (lon) finite volume grid, with 26 hybrid sigma pressure levels and a 30 minute integration time step (Gent et al., 2011) .
Results

EOF2 of boreal winter precipitation over East Asia
The EOF calculated by the covariance matrix is firstly used to identify the spatial and temporal patterns of boreal winter precipitation over East Asia. Previous studies have analyzed the variability of the leading mode of winter precipitation over East Asia and the possible mechanisms Sun, 2015a, 2015b) . The leading mode of winter precipitation over East Asia exhibits highly consistent variability (figure not shown), and relatively larger values mainly over the southern and middle regions of East Asia. The leading EOF mode explains 19.9% of the total precipitation variance. In this research, the second mode (EOF2) of boreal winter precipitation will be analyzed.
The spatial pattern of boreal winter precipitation over East Asia, depicted by the EOF2 mode, exhibits a meridional dipolar pattern, and it explains 16.4% of the total variance in precipitation (Fig. 1a) . The corresponding time series, of the EOF2 mode, indicates a strong linear trend and also interannual variability of boreal winter precipitation (figure not shown). The detrended and standardized time series of the EOF2 mode (dPC2) eliminates the impact of the linear trend, showing the interannual variability of the second EOF mode of boreal winter precipitation over East Asia (Fig. 1b) . The dPC2 is used to analyze the relationships of boreal winter precipitation with atmospheric circulation and preceding boreal autumn SSTAs in the following sections. 
Boreal winter atmospheric circulation anomalies and boreal autumn SSTAs associated with the EOF2 mode of boreal winter precipitation over East Asia
The regressed simultaneous geopotential height and wind at 500 hPa, vertical motion at 500 hPa, and vertically integrated water vapor flux, associated with the dPC2 of boreal winter precipitation reveals that there is a meridional dipole circulation pattern over East Asia (Fig. 2 ). An anomalous cyclonic circulation is centered over the Lake Baikal region (Fig. 2a) , which leads to anomalous ascending motion over northern East Asia (Fig. 2b) and also enhances the water vapor transportation to northern East Asia by westerly flow and from the Pacific (Fig. 2c) , ultimately favoring more precipitation over northern East Asia. In contrast, an anomalous anticyclone covers southern China, extending to the Middle East, which results in anomalous descending motion over southern East Asia and also weakens the transportation of warm and moist air from the low latitudes, consequently leading to less precipitation over southern East Asia. This dipolar pattern is the most important circulation factor responsible for the variability of the dipole pattern of boreal winter precipitation over East Asia.
In order to investigate the relationship between the East Asian boreal winter precipitation dipole pattern and the SPO SST variability, the regressed preceding autumn SSTAs associated with the dPC2 of boreal winter precipitation over East Asia is calculated. The significant SSTAs show a tripole pattern over the SPO, with a remarkable negative SSTA present mainly over the southern SPO and significant positive SSTAs over the northeastern and northwestern SPO (Fig. 3) . Moreover, this boreal autumn SSTA pattern still exists in the following boreal wintertime (figure not shown, similar to Fig.  3 ). These results show that the tripole pattern of SSTAs over the SPO has a relationship with the second mode of boreal winter precipitation over East Asia.
To further quantify the relationship of the tripole pattern of SSTAs over the SPO and the second mode of boreal winter precipitation over East Asia, an SSTA index (SSTI) is defined as the difference between the standardized averaged SSTs over the positive SSTA regions (P; the black solid rectangle in Fig. 3 ) and the negative SSTA region (N; the black dashed rectangle in Fig. 3 ), based on the formula: SSTI = (1/4P west + 1/4P east )-1/2N (P west /P east ; the west/east solid rectangle in Fig. 3 ). The correlation coefficient of the detrended boreal autumn SSTI and the dPC2 of boreal winter precipitation is 0.72, significant at the 99% confidence level; this means that the tripolar pattern of boreal autumn SSTAs over the SPO does have a good relationship with the variation of the dipolar mode of boreal winter precipitation over East Asia.
How do the boreal autumn SSTAs over the SPO affect the boreal winter atmospheric circulation and precipitation over East Asia?
Observational analysis
The previous section showed that the boreal autumn tripole pattern of SSTAs over the SPO is connected to the second mode of boreal winter precipitation over East Asia. Here, the possible mechanism responsible for this connection is explored. Given that the SSTAs generally have good persistence, we deduce that the seasonal persistence of the SSTAs could be a possible mechanism to memorize and transport the signal of the boreal autumn SSTAs into the following boreal winter, and then impact upon the atmospheric circulation and precipitation. Therefore, the SSTI in boreal winter is also computed, and the correlation coefficient of the SSTIs in boreal autumn and winter is 0.72, significant at the 99% confidence level. After removing the SSTI trend (Fig. 4) , the two SSTIs also co-very well, with a correlation coefficient of 0.70. These results indicate that the SSTA signal over the SPO does have good persistence from boreal autumn through to boreal winter.
To further understand how the SPO SSTAs persist from the boreal autumn to winter, the evolution of the anomalous SSTs and surface winds over the SPO from the boreal autumn to winter are analyzed (Fig. 5) . The anomalous SSTs and surface winds are calculated by compositing the corresponding SST and surface winds in the abnormal years of the boreal winter precipitation dipole pattern; the abnormal years are defined as occurring when the detrended and normalized time series of the boreal winter precipitation's second EOF mode are greater than 1, or less than −1. It is found that the SPO SSTAs in boreal autumn correspond to an anomalous anticyclone in the midlatitudes, and a cyclone in the high latitudes, of the SPO. On the one hand, northerly anomalies of the anticyclone can bring warmer water from the low latitudes to the midlatitudes, leading to the SST warming over the northern SPO; while on the other hand, the midlatitude anticyclone corresponds to sunny weather, which favors more solar radiation being received by the sea surface, and also contributes to the SST warming over the northern SPO. However, the southwesterly anomalies between the anticyclone and cyclone will bring colder water from the high latitudes to the midlatitudes, leading to SST cooling over the southern SPO. Additionally, the distribution of anomalous warm SST over the northern SPO and cold SST over the southern SPO can enlarge the meridional temperature gradient over the SPO region. According to thermal wind theory, the enhanced meridional temperature gradient can enhance the zonal wind between the warm and cold SSTAs over the SPO. The enhanced west- erly can then enhance the anomalous cyclone over the southern SPO and anticyclone over the northern SPO. Thus, there is a positive feedback mechanism between ocean and atmosphere, which leads to the persistence of the autumn SPO SSTAs to winter.
Further, the atmospheric circulation patterns associated with the SSTAs over the SPO are investigated. A regression of the boreal winter zonal winds associated with the detrended boreal winter SSTI indicates that the SPO SSTA pattern is related to two meridional teleconnection patterns of zonal wind (Fig. 6a) . One is over the eastern Pacific, and the other is over the Eastern Hemisphere. The teleconnection pattern of the zonal wind from the SH to the NH over the Eastern Hemisphere leads to a dipole pattern of geopotential height over East Asia (Fig. 6b) ; this pattern is quite similar to the atmospheric pattern associated with the dPC2 of boreal winter precipitation over East Asia (Fig. 2a) .
The atmospheric circulation associated with the detrended SSTI in boreal autumn (Fig. 7) shows a quite similar but weaker atmospheric circulation pattern to the regression of the boreal winter zonal winds associated with the detrended boreal winter SSTI (Fig. 6) . Because the variability of the SPO SSTAs in boreal autumn and winter is highly consistent, the two SSTIs are related to a similar atmospheric circulation pattern in boreal winter.
From an observational analysis viewpoint, the above results provide good evidence of the persistence of SPO SSTAs as the connection between the boreal autumn SPO SSTA pattern and the East Asian winter precipitation.
Numerical simulation
The observational data indicate that interhemispheric meridional teleconnection patterns could be responsible for the connection between the SPO SSTAs and the East Asian winter circulation and precipitation. In this section, a numerical simulation is used to investigate whether or not these interhemispheric meridional teleconnection patterns are induced by the SPO SSTAs.
To simulate SSTs as realistically as possible, we impose observed boreal autumn SSTAs (Fig. 8a ) from August to November (August as the spin-up time), and boreal winter SSTAs (Fig. 8b) from December to February, over the SPO in the numerical simulations. The boreal autumn and boreal winter SSTAs are calculated separately by compositing the corresponding SSTAs in the abnormal years of the boreal winter precipitation dipole pattern; the abnormal years are defined as occurring when the detrended and normalized time series of the boreal winter precipitation's second EOF mode are greater than 1, or less than −1. To eliminate the strong SST gradients over the four borders of the SSTA regions, the SSTAs are linearly decreased to 0 • C across five points. A 30-year run with the model's climatological SST and sea-ice boundary conditions is performed; the average for the last 20 years is defined as the control run (EXP0). The sensitivity experiment (EXP1) is similar to EXP0, but with the SSTAs imposed over the SPO region in boreal autumn and boreal winter; the average for the last 20 years of EXP1 is compared with EXP0.
Anomalies of 500 hPa zonal wind (Fig. 9a) , geopotential height and winds over Eurasia (Fig. 9b) , and total precipi- Fig. 9 . Differences of boreal winter (a) zonal wind at 500 hPa (m s −1 ), (b) geopotential height (gpm) and wind (m s −1 ) at 500 hPa, and (c) precipitation (mm month −1 ) over East Asia, between EXP1 and EXP0. The dark (light) shaded areas are significant at the 95% (90%) confidence level. Fig. 10 . Differences of the boreal winter geopotential height (gpm) at 500 hPa between EXP1 and EXP0 and the related wave activity flux (m 2 s −2 ). The dark (light) shaded areas are significant at the 95% (90%) level. tation over East Asia (Fig. 9c) in the simulation forced by the SPO SSTA pattern are similar to the observation. These results provide a possible mechanism for the SPO SSTAs affecting atmospheric circulations and winter precipitation over East Asia. The distribution of anomalous warm SST over the northern SPO and cold SST over the southern SPO can enlarge the meridional temperature gradient over the SPO region. According to thermal wind theory, the enhanced meridional temperature gradient can enhance the zonal wind between the warm and cold SSTA over the SPO. The enhanced westerly can then lead to an anomalous cyclone over the southern SPO and anticyclone over the northern SPO. Such changes of the atmospheric circulation enhance the eastward Rossby wave propagation reflected by the Rossby wave activity flux (Fig. 10) , which further causes anomalous atmospheric circulations over the Eastern Hemisphere. The study of Ambrizzi et al. (1995) indicated that the southern Indian Ocean is an arc-like route of equatorward Rossby wave propagation. Thus, along this route, the SPO SSTA-related wave train propagates equatorward over the southern Indian Ocean, resulting in anomalous tropical climate. Accordingly, in the anomalous SPO SST years, the tropical convection has changed (Fig. 11) . The simulated OLR features are similar to the observation, although the observed signal is stronger than the simulated. As shown in Fig. 12 , in response to the SPO SSTA, the convection is enhanced over the western tropical Pacific Ocean and depressed over the western tropical Indian Ocean. Such a dipole convective pattern indicates changes in the Walker-like zonal circulation over the tropical Indian Ocean. An OLR index is defined as the difference between the regional means of OLR over the two rectangular regions in Fig. 12 . Table 1 shows the quantitative relationship between the SPO SSTI and the OLR index. The table suggests that there is a close relationship between the SPO SSTA and tropical convection. Figure 12 also implies a strong ENSO signal in the tropical convection. To further investigate the relationship between the SPO SSTA and tropical convection, the ENSO signal is removed from the OLR index based on the linear regression method using the Niño3.4 index, and the new correlation coefficient is also listed in Table 1 . The result still shows a close relationship between the SPO SSTA and tropical convection.
According to traditional wave theories, Rossby waves cannot move across the equator to the other hemisphere due to prevailing easterlies (e.g., Ambrizzi et al., 1995) ; meanwhile, the tropical climate associated with the Rossby wave can connect the climate over the other hemisphere (e.g., Matthews and Kiladis, 2000; Sun et al., 2009b) . Thus in this study, the SPO SSTA-related tropical convection can transport the SPO SSTA influence to East Asia. The regression of geopotential height at 500 hPa against the OLR index after removing the ENSO signal is shown in Fig. 13 . Over the SH, the anomalous circulation shows a wave train pattern, propagating equatorward over the southern Indian Ocean, similar to the SPO SSTA-related circulation over the region (Figs. 6a and 9a) . Over East Asia, the atmospheric circulation pat- tern is similar to the regressed pattern against dPC2 (Fig. 2a) , with anomalous cyclonic circulation centered over the northern part of East Asia and an anticyclone covering southern China and extending to the Middle East, showing a meridional dipole circulation pattern over East Asia. Some previous studies have shown that the tropical convection can stimulate a wave train pattern over East Asia (Nitta, 1987; Huang and Sun, 1994) . Thus, the tropical convection can excite the atmospheric circulation over East Asia, which further results in anomalous winter precipitation over the region. Table 1 also confirms the relationship between the tropical convection and East Asian winter precipitation, showing significant correlations between the two indices. There are similarities over the Eastern Hemisphere between observations and simulations (see Figs. 6a and 9a) ; but in contrast, there are large differences over the Western Hemisphere. There is an interhemispheric teleconnection pattern over the Western Hemisphere according to observations (Fig.  6a) ; however, in the simulation (Fig. 9a) , the meridional teleconnection is confined to the tropical and southern areas of the East Pacific. This difference could be related to the absence of the ENSO signal in the simulation. In the observation, there is a high correlation between the SPO SSTIs and the ENSO index, and the ENSO-related circulation pattern shows a similar interhemispheric teleconnection over the East Pacific. However, in the numerical simulation, the atmospheric circulation pattern is only related to the SPO SSTAs. Thus, compared to the observational analysis, the existence of the interhemispheric teleconnection pattern over the Eastern Hemisphere and absence of the interhemispheric telecon-nection pattern over the Western Hemisphere (i.e., the East Pacific) in the numerical simulation, indicates that the interhemispheric teleconnection pattern over the Eastern Hemisphere is a physical way to transport the influence of the SPO SSTAs to East Asia.
Our study indicates that the signal of boreal autumn SSTAs over the SPO can be kept to the following winter owing to the persistence of the SSTA, and then the boreal winter SSTAs over the SPO can stimulate the interhemispheric teleconnection pattern to affect winter precipitation over East Asia. On the other hand, the SPO SSTAs exist in the boreal autumn. The sole impact of the SPO SSTA should therefore also be investigated, to improve our understanding of the influencing mechanism. Thus, we also ran the experiments using only the SSTAs in boreal autumn. The results showed that the anomalies of atmospheric circulation and precipitation still appear in the numerical simulation (figure not shown); however, the signals are much weaker compared with the simulation including both autumn and winter SSTAs. These results indicate that the circulation anomalies induced solely by the SPO SSTAs in boreal autumn contribute weakly to the winter precipitation over East Asia. The persistence of the SSTA signal from boreal autumn to winter could play a more important role in the connection between the boreal autumn SPO SSTA and winter East Asian precipitation.
The numerical simulation further confirms that the SPO SSTA mode is an influencing factor for boreal winter precipitation over East Asia; within this process, the seasonal persistence of the SPO SSTAs and the interhemispheric teleconnection pattern play an important role.
Summary and conclusions
This paper investigates the spatial and temporal features of the second EOF mode of boreal winter precipitation over East Asia during the period 1979-2010, and further explores the possible influencing factors. The second EOF mode shows a meridional dipole pattern, which explains 16.4% of the total variance and exhibits a strong interannual variability. Circulation analysis indicates that the atmospheric circulation associated with the EOF2 mode of boreal winter precipitation over East Asia is a dipole pattern: there is one center over the Lake Baikal region and another over southern China. This meridional dipole pattern is the dominant pattern impacting upon the dipole pattern of precipitation over East Asia.
After diagnosing the relationship between the East Asian winter precipitation EOF2 mode and SST variability, the influence of the SPO SSTAs in boreal autumn on the boreal winter precipitation dipole mode over East Asia was revealed. The possible main mechanism, through which the SPO SSTAs in the boreal autumn affect the East Asian boreal winter precipitation, is considered to be the SSTA's seasonal persistence. The persistence of the SPO SSTAs means that the signal is memorized and transported from boreal autumn through to winter, and then stimulates the interhemispheric teleconnection pattern over the East Hemisphere. This meridional teleconnection pattern plays an important role in the influence of the SPO SSTAs on the atmospheric circulation over East Asia, resulting in a dipole pattern. This dipole pattern is the dominant factor influencing the variability of the dipole pattern of boreal winter precipitation over East Asia. These results were further confirmed through a numerical simulation. Therefore, the SPO SSTA pattern revealed in this study is valuable in terms of our understanding of the variability in East Asian winter precipitation and improving predictions in the future.
